SUMMARY: Phase-contrast microscopy enables germination to be studied in the spores of Bacillus cereus and B. subtilis a few minutes after the addition of adenosine; by this means adenosine can be identified in minute concentrations. Adenosine in high concentrations is, however, inhibitory to vegetative growth.
In recent papers Hills (1949a and b, 1950) reviewed the literature relating to spore germination and showed the primary importance of adenosine. He incubated spores in a chemically-defined medium, heated them for 15 min. a t 60°, and counted the spores remaining viable, When the viable count fell it was assumed that some spores had germinated in the test fluid. The results were submitted to statistical analysis, and indicated that adenosine was of primary importance for initiating germination. This interesting observation has been confirmed by the experiments here described, using a different technique, namely, examination of the germinating spores directly by phasecontrast microscopy.
TECHNIQUE
Spore suspensions of Bacillus cereus and B. subtilis isolated from a compost heap were prepared by surface growth at 37' on the medium of Knaysi & Baker (1947) for electron microscopy, containing glucose 0.2 g. and an equi-molar mixture of KH,PO, and KHPO,, 0.23 g. in 100 ml. of distilled water. This was modified by the addition of 0.5 g. NaCl and 1 yo New Zealand agar (Davis Gelatine Ltd., London). On this medium growth was profuse and spore formation excellent, and for practical purposes in a few days no vegetative forms remained. The spores were washed in saline, centrifuged and resuspended in small volumes of saline. After heating at 80" for 15 min. they were kept in a refrigerator until used. They did not germinate in the saline, and remained capable of germination in suitable media for at least three months.
Slide cultures of the organisms were prepared by making streaks from 24-hr. cultures on nutrient agar on to a cover slip. After drying in air for 15 min. the melted agar medium of Knaysi & Baker at 50" was dropped on to the cover slip, which was mounted on a slide, and sealed with wax. Within a week in most cases very large numbers of spores had formed; those slides in which spore formation was poor were discarded (Pl. 1, fig. 1 ).
G M V 4
The germination of spores was observed by phase-contrast microscopy. The method was developed for making cinema films of bacterial growth phases, for which it was essential that growth should be in two planes only and that Brownian movement should be eliminated. After spores had been formed in a slide culture the cover-slip was removed with a scalpel; the agar adhered completely to the cover-slip. One half of the agar was cut away, and the cover-slip replaced and sealed on three sides. Hartley's broth was run in on the fourth side, where the agar had been removed, and this side also was then sealed. Germination was observed under a 1/12 in. objective by phase contrast, the microscope being mounted in an incubator a t 3 7 ' .
Within 15 min. the spores, which originally appear as translucent oval bodies with a blue sheen and very thin walls quite suddenly become completely opaque, and appear, as do all young bacteria by phase contrast, homogeneously black, or very dark blue (Pl. 1, fig. 2 ). In the case of B. cereus the opacity develops symmetrically and very suddenly, as an over-exposed photographic plate darkens in a developer. There is no sign of a focal point from which a dark area expands. After this darkening changes are slow for 1 hr. but the spore enlarges in all dimensions. The ghost of the bacillus from which the spore develops often becomes visible, and into this shroud the new bacillus grows. Within 2 hr. a stumpy bacillus has formed; no capsule bursts, and no husk is shed. Division then takes place; subsequent phenomena will not be considered here.
In the case of B. subtilis the initial darkening appears to expand from a lateral focus. The spore then becomes bean shaped; the convex side appears to be that on which the lateral focus was first visible, but since the beans may lie in any position it is difficult to be sure of this. A small spherical protrusion appears in the centre of the convexity, and rapidly assumes bacillary form. The bacillus grows out at right angles to the spore axis, and soon the spore becomes again transparent, except where the bacillus intrudes into its cavity. Division takes place after 2 hr. and soon empty bean-shaped husks with lateral pores may be seen.
Many other spores of species belonging to the Bacillus group have been studied, and those of Clostridium sporogenes. In these cases no attempt was made to study the effect of adenosine, but in every case darkening of spores took place in suitable media very quickly.
Certain facts should be emphasized. Spores which do not darken never develop into bacteria. When the fluid diffused into the agar is a fully nutrient medium, such as nutrient meat broth, practically all spores darken, and of those that darken, practically all form bacilli which divide. In any preparation less than 1 % of the spores are initially dark. Other studies not detailed here indicate that these are imperfectly-developed spores; they do not form bacilli. It is therefore safe to say of translucent spores that darkening is the first and the essential stage in germination, and may in itself be accepted as proof that the state of dormancy is ended.
It is difficult to see any change in unstained preparations without phase contrast, but spores which have darkened can be stained with methylene blue or other simple bacteriological stains ; this observation confirms those of (1940) . A warning should be given tkat in old slide cultures bacterial debris is often visible. Many substances in concentrations as low as 10 mg./ml. can initiate normal growth in these distorted remnants; but these substances do not darken spores. If, however, the preparations are not continuously watched, it is easy to conclude falsely that spores have germinated, as the cultures teem with bacteria in a few hours. Examples of such substances are ammonium salts and vitamin B, , neither of which can initiate spore germination, but both of which revitalize 'spent' cultures.
The technique described is admirable for photography, but a less elaborate and more rapid technique gives equally clear cut results. A platinum loopful of the heated spore suspension is placed on a slide and mixed with a loopful of a test reagent. When sealed under a cover-slip spore darkening and bacterial development can be studied by phase contrast, and negative results recorded after 2 hr. In this way a very large number of tests can be quickly made. Most of the experiments described here were performed with this technique and confirmed by the slide-culture test when positive.
EXPERIMENTS
Since it appeared that spore darkening was an essential stage, and the first visually determinable in spore germination, experiments were performed to discover what substances caused it. It soon became obvious that media in which vegetative forms grew readily for many sub-cultures did not necessarily induce spore germination. For example, the simple medium used by Stokes & Woodward (1943) containing glucose, asparagine and inorganic salts supports growth of B. cereus and of B. subtilis, but spores do not darken in this medium, and the medium inoculated with spores develops no opacity. These spores will not form visible growth on Knaysi & Baker agar, a medium used for making cinematographic records of the growth phases of the vegetative forms up to and including spore formation. Nor will spores darken with Bacto-Vitamin Free Casamino Acids (Baird & Tatlock Ltd., London), in which excellent growth of the vegetative forms develops.
Spores quickly darken however in media such as Hartley's or Lemco broth. The speed of darkening and percentage of spores darkening are proportional to the concentration of the broth; in this way the concentration of the active substance may be roughly estimated over a standard time of 2 hr. Thus with undiluted Hartley's broth all spores are dark within 15 min. : at a dilution of 1/10 not more than 5 % are dark in 2 hr. and none at a l / l O O dilution in saline.
Spores also darken in broth containing antibiotics at concentrations which cause wide inhibition zones of vegetative bacilli when diffised from cylinders into pour plates, Streptomycin at 100 units/ml. and aureomycin or chloromycetin (chloramphenicol) at 0.1 yo produce zones of 20 mm. diameter or more with shake cultures with this technique; but when made up in Hartley's broth they do not inhibit spore darkening. At these concentrations however spores never develop into bacilli; at 1/10 of these concentrations bacilli develop, but multiplication ceases when two or three bacilli have formed from one spore. That is, spores will darken in media where vegetative growth is impossible; they will not darken in other media in which vegetative growth readily occurs. The chemical basis of spore germination differs therefore from that of vegetative growth.
Since the B. cereus and B. szlbtilis strains used were isolated from decaying vegetables the spore-darkening factor was first sought in vegetable extracts obtained by boiling; it was found in cabbage, lettuce and potatoes. It was next found in newly-purchased Marmite and Yeastrel, and in boiled extracts of compressed yeast tablets; there was only a trace in a five-year-old sample of Yeastrel.
The active principle could be dialysed through collodion sacs, and could be purified and concentrated by precipitating aqueous solutions of Marmite and Yeastrel with ethanol, the factor remaining in solution. The ethanolic solution was evaporated, the residue taken up in distilled water, and the solution precipitated in acetone ; the factor remained in solution. When the acetone solution was passed through a column of aluminium oxide the factor was adsorbed, and much inactive material was not. The top section of the column was eluted with 90% (v/v) ethanol in water. This ethanol solution was again evaporated, and the yellow deposit taken up in distilled water. The pH value of the solution was 2; and a t this pH was inactive; but when adjusted to pH 7.2 it was very active, since spore darkening was almost instantaneous. The biuret reaction was negative. These experiments eliminated many possible compounds ; many other substances were tested. The factor was absent from Bacto-Vitamin Free Casamino Acids and from gelatin peptone : some proprietary peptones such as that of Evans, Lescher, Sons & Webb contained it; Gurr's peptone did not. It was present in human serum and absent from a sample of human urine. Fourteen amino-acids were tested in an arbitrary mixture and DL-alanine, L-tyrosine, DL-cysteine, m-tryptophan and methionine separately, all with negative results.
Negative results were also obtained with aneurin, riboflavin, nicotinic acid, pantothenic acid, folk acid' ('Folvite', Lederle), choline and biotin (tested separately and together), ascorbic acid, several samples of vitamin B , and of therapeutic liver extracts, adenine, guanine, creatine, creatinine and uric acid.
Thus meat extracts and digests, vegetable extracts and yeast extracts contained the factor; from yeast (and later cabbage) ethanol-and acetonesoluble, heat-stable and dialysable materials which cause spore darkening have been obtained, but no single substance or group of substances had proved to be positive.
Our negative results confirmed Hills' findings, and when adenosine was tested we found at once that it caused spore darkening. A sample from British Drug Houses was very active a t 0-1 % in distilled water against washed spores suspended in saline; it was usually inactive at 0.01 % and always inactive a t lower concentrations. When tested by diffusing it into spores formed in slide culture on Knaysi & Baker agar it caused spore darkening at a concentration Adenosine and spore germination 661 of 16 p~ in ~/ 3 0 phosphate a t pH 7.3. The spores not only darkened, but bacilli also formed, and divided once or twice; they then lysed rapidly and in 28 hr. with B. subtilis only empty spore-husks remained (Pl. 1, figs. 3-6); both B. cereus and B. subtilis spores germinated in this way.
Since the newly-formed bacilli lyse within 24 hr. it is not surprising that visible growth zones cannot be obtained on Knaysi & Baker agar plates, pre-seeded with suspensions of spores, when adenosine or the ethanol and acetone soluble fractions of yeast are diffused. This method, analogous to that used for many biological tests for vitamins is at first sight attractive, and excellent growth rings are obtained by diffusing complete media such as Hartley's broth. Since the vegetative form will grow on Knaysi & Baker agar, it appears that newly-germinated bacilli are more exacting in their growth requirements than bacilli developing from vegetative forms. However, in any sub-culture of vegetative forms in slide culture, studies by phase contrast indicate that only a minority of bacilli do in fact reproduce; the remainder lyse and in so doing may set free growth factors.
The effect of adenosine is enhanced by Bacto-Casamino acids (vitamin free). In this way adenosine a t a dilution of 1/2OO, OOO could be detected but not at 1/~,000,000. Since equal volumes (1 platinum loopful) of spore suspensions and of test fluid were used the dilution at which adenosine can be detected is at least 1/2OO,OOO; the volume in which this concentration is present is determined mainly by the size of the platinum loop used. Hills ( 1 9 4 9~) suggested that microbiological assay of adenosine might be possible by measuring its effect on spore germination. By his technique it gave a significant effect at 0-2 pg,/ml.; this contrasts with other micromethods quoted by him which estimate 0.1 pug. The amount of adenosine which can be detected by the spore-darkening technique depends on the smallness of the drop examined. In the experiment shown in Table 1 , the amount of adenosine which gave a strong positive result was 0.025 pg. and completely negative results were obtained with 0.0025 pg. Since the experiments only occupy a few minutes, and results are read in 2 hr., the method has obvious advantages. However, although no other substance was found which produced the same effect as adenosine, it is too early to say that its properties are unique.
It is surprising, in view of the importance of adenosine in spore germination, to find that it is inhibitory to growth of vegetative organisms in concentrations higher than 0*006%. During the course of experiments with Casamino Acids+adenosine mixtures it was noted, on one occasion, that slide preparations containing high concentrations of adenosine (over 0-001 yo)
showed darkened spores, but no bacilli after 4 hr., but that below this concentration, while the spores were still translucent, there were many activelymultiplying bacilli. It was found that the Casamino Acids solution had become contaminated, although no visible haze was present. Therefore it appeared that the very small inoculum contaminating this solution had not grown in the higher concentration of adenosine, but had grown in the lower, This was shown to be the case by making doubling dilutions of 0.1% adenosine in buffered Casamino Acids solution, and inoculating the fluid with a suspension of a 24-hr. agar culture of B. cereus washed in saline. There was very poor growth in the first four tubes but dense growth and a rich deposit in lower dilutions, and in the control containing buffered Casamino Acids solution only. When a nutrient medium such as Hartley's broth is diffused into pour plates of B. cereus in Knaysi & Baker medium a dense growth zone is found. But in many cases the zone begins 4 mm. or more from the cylinder. This central inhibition may perhaps be due to an inhibitory concentration of adenosine.
DISCUSSION
The dormant state is widely found in living creatures though difficult to define. It varies from the natural sleep of animals and the quiescence of the wintering tree to the cysts of worms and amoebae and the spores of bacilli. To each dormant state there is an appropriate excitant, announcing, like the kiss in the fairy tale of the Sleeping Beauty, that the environment is now suitable for greater and different activity, including reproduction. Thus Calam, Raistrick 8z Todd (1949) in the case of eel-worm cysts, and Crump (1950) with the amoebic cyst, have found indications that a specific excitant will alone awake the inert organism to vegetative existence.
The bacterial spore is admirably adapted to prolonged periods of rest, resistant as it is to heat, desiccation and adverse chemical environments. But these protective mechanisms would be of little advantage were it not also provided with a chemical criterion of the environment adequate for vegetative life and reproduction; were it otherwise it might leave the security of its dormant state to starve in a desert. Adenosine is the only known substance accepted by the spores studied as this criterion. The change that occurs when it is present converts it from an object in the border-land between the living organism and lifeless organic material to a recognizably living and reproducing cell; it changes its refractive index and its permeability almost immediately.
It would be profitable to analyse chemically the change which occurs under these circumstances.
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